Standard Model are modified by D-term contributions to soft scalar masses, which arise whenever the rank of the gauge group at very high energies is greater than four. We give a parameterization of the most general such contributions that can occur when the unbroken gauge symmetry is an arbitrary subgroup of E 6 , and show how the D-term contributions leave their imprint on physics at ordinary energies. We impose experimental constraints on the resulting parameter space and discuss some features of the resulting supersymmetric spectrum which differ from the predictions obtained with universal boundary conditions on scalar masses near the Planck scale. These include relations between squark and slepton masses; the behavior of sin 2 (β − α) (which determines the production cross-section for the lightest Higgs scalar boson at an e + e − collider) and the mass of the pseudoscalar Higgs bosons; R b [the ratio Γ(Z → bb)/Γ(Z → hadrons)]; and mass differences between charginos and neutralinos.
Introduction
The mass of the Higgs scalar boson in the standard model is subject to quadratically divergent radiative corrections of order δm 2 H ∼ Λ 2 , where Λ is an ultraviolet cutoff mass. This poses a naturalness problem for Λ much larger than the electroweak scale. Lowenergy supersymmetry (SUSY) [1] presents a beautiful solution to this problem, because all quadratic divergences cancel order-by-order in perturbation theory. The cancellation still works if SUSY is softly broken by scalar mass terms, scalar trilinear couplings, and gaugino mass terms. These are exactly the parameters which determine the masses of the superpartners of standard model particles; therefore, in the minimal supersymmetric standard model (MSSM), the superpartners must have masses which do not greatly exceed the TeV range in order to maintain the stability of the electroweak scale. Moreover, we already know that the soft SUSY-breaking terms in the MSSM are far from arbitrary in their flavor and phase structure. Otherwise, large flavor changing neutral currents could be expected to manifest themselves in processes such as K − K mixing, b → sγ, and µ → eγ.
Arbitrary complex phases would give rise to a CP-violating electric dipole moment for the neutron in violation of experimental bounds. Thus there is strong circumstantial evidence in favor of some organizing principle governing the soft SUSY-breaking terms.
Supergravity models [2] do provide just such an organizing principle for the soft terms, if one makes the assumption that gravity is flavor blind. SUSY is presumed to be broken at a scale M I ∼ 10 10 GeV in a "hidden" sector of particles which have only gravitational interactions with the "visible" sector of particles familiar to us. The SUSY breaking is transmitted to the visible sector by gravitational effects, so that the soft SUSY-breaking terms in the visible sector are characterized by a mass scale m SUSY = M 2 I /M Planck ∼ M Z and are universal, independent of the unknown physics of the hidden sector. This mechanism implies a simple form for the soft breaking Lagrangian at the Planck scale.
The following terms arise:
• A common (mass) 2 (denoted m 2 0 ) for all scalars in the theory.
• Scalar trilinear couplings which are given by the corresponding Yukawa couplings in the superpotential multiplied by a common mass parameter A 0 .
• Scalar (mass) 2 terms given by the corresponding mass in the superpotential multiplied by a common mass parameter B 0 .
• A common mass m 1/2 for the gauginos.
The mass parameters m 0 , A 0 , B 0 , and m 1/2 are all of order m SUSY . The assumption of universality may have to be modified in non-minimal supergravity models [3] or in superstring models [4] ; it is clear in any case that while they are sufficient to avoid flavorchanging neutral currents, they are certainly not necessary. The origins and consequences of scalar mass non-universalities which are safe for flavor-changing neutral currents have been discussed for example in [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
In the MSSM, the superpotential is given by (Here we use the same symbol for the scalar fields as for the chiral superfields, andg,W ,B
are the gauginos for SU (3) C , SU (2) L , U (1) Y respectively.) This parametrization serves as a set of boundary conditions on the model. The couplings so specified must be run down to ordinary energies using the renormalization group (RG) equations. This has been done by many groups; recent examples include [17] [18] [19] [20] [21] [22] [23] [24] .
Of course, it is quite unlikely that there is no new physics between the TeV scale and the Planck scale. A much-heralded hint of this is the apparent unification of gauge couplings at M U ≈ 2 × 10 16 GeV with SUSY thresholds near the electroweak scale [25] .
This suggests a SUSY grand unified theory (GUT) or superstring model, both of which in turn imply a variety of new chiral superfields and new gauge interactions at least two orders of magnitude below the Planck scale at which the boundary conditions (1.1) should be applied. The existence of this physics should be taken into account by running the gauge couplings of the theory from M Planck down to the weak scale, integrating out non-MSSM fields along the way as they acquire masses. Unfortunately, it is very difficult to anticipate with any confidence the nature of the physics between M U and M Planck . For this reason, most studies have used the approximation of applying the boundary conditions (1.1) at M U rather than M Planck . Some recent papers [10, 12, 14] have taken into account the effects of RG running between M U and M Planck , which can be large e.g. in certain GUT models.
In this paper we will be mainly concerned with the D-term contributions [5] to soft scalar masses which should arise in any model with a gauge group of rank > 4 which
Some of the phenomenological implications of D-term contributions have recently been explored in [6, 7, 9, 10, 11, 15] . We will consider here the case that the underlying gauge group is an arbitrary rank 5 or 6 subgroup of E 6 . This encompasses a very wide range of special cases, including SO(10) SUSY GUTs and stringinspired models including e.g. "flipped" SU (5) × U (1) and
The breaking of the additional U (1) factors embedded within such groups leads to specific patterns in the soft scalar masses which may be thought of as non-universal corrections to the universal boundary conditions (1.1), even though they typically arise at a much lower scale. These non-universal corrections to the scalar masses do not imply additional contributions to flavor-changing neutral current processes, since the contributions are the same for each set of squarks and sleptons with the same This paper is organized as follows. In section 2 we will review the origin of D-term contributions to soft scalar masses, and introduce a parametrization of the most general such contributions arising in the MSSM from arbitrary subgroups of E 6 . Using the RG equations we will show how the D-term contributions at very high energies leave their imprint on TeV scale physics. In section 3 we will discuss some of the salient phenomenological consequences of the D-term-induced non-universality, taking into account direct and indirect experimental constraints. In section 4 we will make some concluding remarks.
D-term contributions to soft scalar masses
In general, D-term contributions to the scalar masses will arise whenever a gauge symmetry is spontaneously broken with reduction of rank [5] . To understand this, consider a toy model with a gauge group containing a product of abelian factors I U (1) I . We take the U (1) I gauge couplings and charges to be normalized so that the U (1) I gauge supermultiplets have canonical kinetic terms. This determines, up to orthogonal rotations on the index I, a preferred basis for the U (1) I charges which is not invariant under general invertible linear transformations. The gauge group is to be spontaneously broken by VEVs for the scalar components of chiral superfields Φ and Φ with charges Q IΦ and −Q IΦ respectively under U (1) I . For illustrative purposes, we may for example suppose that the spontaneous symmetry breaking is accomplished by taking the superpotential to be
with M a mass parameter of order the Planck or string scale. The supersymmetric part of the scalar potential including D-terms is given by
where the additional fields ϕ a play the role of the scalar fields of the MSSM. In addition there are soft SUSY-breaking terms which include
The full scalar potential has a non-trivial VEV in a nearly D-flat direction:
provided that m 2 + m 2 < 0 at the scale Φ . This can be easily achieved if for example Φ has large Yukawa couplings to some other superfields, driving the running m 2 negative in the infrared. The deviation from D-flatness is given by
After integrating out the fields Φ and Φ, one obtains corrections to the soft scalar masses of the remaining fields ϕ a : In addition, if the spontaneously broken gauge groups included non-abelian generators T α which commute with all of the generators of
contribute residual soft mass terms of the form
However, in the MSSM we may dismiss this possibility if the underlying gauge group is a subgroup of E 6 , or more generally if it does not mix families. This is because the only distinct chiral superfields with the same 
which would necessarily imply R-parity violation. So we need only consider U (1) I D-terms.
[It might be interesting to consider D-terms that could arise in variants of the MSSM with R-parity violation, or with family-dependent gauge symmetries (see e.g. [26] ).]
The group E 6 contains two U (1) factors not contained in the standard model gauge
One may choose a basis for the two extra U (1) factors in an arbitrary way, but it is important to realize that the original U (1) I groups (with canonical kinetic terms) above the symmetry-breaking scale will in general be linear combinations of the two chosen U (1) basis groups and the surviving weak hypercharge U (1) Y .
We choose as a basis U (1) Y , U (1) X , and U (1) S as in Table 1 . 
One of the reasons behind this choice is that within a 27 of E 6 there are two standard model singlet components ν and S, which carry [
and [0, 0, −5/3] respectively. Thus U (1) X could be broken by a VEV for the scalar component of the field ν (which carries lepton number −1), and U (1) S could be broken by the field S (which carries lepton number 0). The normalizations are chosen so that the largest charge appearing in Table 1 is unity; in order to obtain the correct normalization for unification into E 6 (or any of its subgroups), these charges should be multiplied by respectively. The gauged B − L subgroup of E 6 is given by
There is also a non-abelian SU (2) factor within E 6 which commutes with all of the The D-term contributions to the soft scalar masses of the MSSM arising from spontaneous breakdown of any subgroup of E 6 may therefore be parameterized by:
∆m 2
(2.9)
These corrections to the scalar masses should be applied at the scale M D of spontaneous symmetry breaking. In order to see how these contributions affect physics at ordinary energies, we must use the RG equations. For the squarks and sleptons of the third family and the Higgs scalars, these are given by
where t ≡ ln(Q/Q 0 ); M 3,2,1 are the running gaugino masses; y t,b,τ are the running Yukawa couplings of the third family; A t,b,τ are the corresponding scalar trilinear couplings;
and
The U (1) Y gauge couplings g 1 and α 1 are taken to be in a GUT normalization throughout this paper. The RG equations of the first and second family squarks and sleptons are the same except that the terms proportional to Yukawa couplings do not appear. 
At the scale M D associated with spontaneous symmetry breaking, we have from (2.9)
Then at any scale lower than t D we find that the change induced in the soft scalar masses by virtue of (2.9) (compared to a template model in which the D-terms are not present and all other parameters are the same) is given by In some special cases, it is possible to make statements about the relative sizes of D Y , D X , D S . For example, in an SO(10) SUSY GUT, in the limit that SO(10) breaks to
In the case that SO(10) breaks down to a smaller group [e.g.
and only then to the MSSM far below the GUT scale, one has
However, there is another possible embedding of the MSSM into a SU (4) C ×SU (2) L ×U (1) subgroup of E 6 which does not fit within SO(10); this would yield instead
In the case that the gauge group is a rank 5 subgroup of E 6 obtained from a Calabi-Yau superstring compactification [27] , one has
(with D Y possibly non-zero) because of the mandatory [28] presence of the subgroup 
while the lower limit on the mass of the sneutrino from its contribution to the invisible width of the Z boson is approximately given by
(We assume tan β > 1 throughout this paper, so cos 2β < 0.) Either (2.11) or (2.12) (in addition to the splitting induced by the top Yukawa coupling) so that there is a potentially significant impact on electroweak symmetry breaking. In particular, the value of µ needed for correct symmetry breaking (for other parameters fixed) may be raised or lowered. To understand this, we may consider the tree-level relation
The change in µ 2 induced by the D-terms is therefore approximately
In models with universal boundary conditions and no D-terms, |µ| tends to scale with max(m 0 , m 1/2 ). If the quantity in square brackets in (2.13) is negative, |µ| can be substantially smaller than is otherwise allowed, with important implications for the neutralino and chargino masses and mixing angles and for the Higgs scalar sector.
The D-terms can also have a substantial impact on mass relations for the squarks and sleptons. For example, a sum rule given in [29] for the first and second family squarks and sleptons is modified to Another interesting sum rule is [29] 
The first two terms on the RHS of (2.15) are generally small and of opposite sign, so that mũ R and md 
there should be 6 parameters (in addition to the common m 2 0 ) which describe the nonuniversality at the input scale. We find it convenient to choose the contributions to scalar masses from the extra three parameters to be just proportional to those from the SU (3) C , SU (2) L , U (1) Y gaugino loops to the RG equations for the scalar masses; we will call these contributions K 3 , K 2 and K 1 respectively. Thus one may parameterize the most general family-independent but non-universal scalar masses at the input scale (e.g. M U or M Planck in a given theory) as follows: 
This matrix is invertible, so that in principle, if one were given the scalar (mass) 2 parameters at the input scale, one could recover m 2 0 , D Y,X,S and K 3,2,1 : 
Of course, in practice it is difficult to imagine being able to reconstruct the soft masses at the input scale, especially m 2 
taking into account one-loop RG contributions and neglecting the small Yukawa couplings.
Non-zero K i s only enter the RG equations for the third family squarks and sleptons and the Higgs scalars through the combinations Σ 2 t , Σ 2 b and Σ 2 τ . These give additional contributions which may be described to a good approximation by the parameterization
When tan β is not large, X b and X τ are negligible.
In the MSSM, there is a large uncertainty in the numerical contribution of gluino loops to squark masses from the RG running, because the strong coupling constant is not very precisely known and because the function C 3 (t) in ( 
may influence low energy physics through more complicated combinations of the parameters given above.
Phenomenological constraints and numerical results
In this section we will study some of the implications of D-term non-universality on SUSY phenomenology. To do so consistently requires that we simultaneously impose a variety of constraints from correct electroweak symmetry breaking, absence of color-breaking and charge-breaking global minima of the scalar potential, direct and indirect sparticle and Higgs boson mass limits [33] , and a neutralino LSP. It is convenient to study the resulting constrained parameter space using a computer program which generates models randomly, imposing the constraints and calculating the resulting sparticle masses, mixing angles and couplings numerically. Here we describe the results of such an investigation, using a computer program similar to the one described in [22] . We first treat some spe- near their limits. When this occurs, the production cross-section for h is reduced, but the rate for hA production is correspondingly enhanced, so that hA production may be observable at LEP2.
We now consider the possibility of arbitrary values for all of the parameters. The remaining results of this section were obtained by an exhaustive exploration of the parameter space, with the following constraints:
40 GeV < m 1/2 < 400 GeV; 1.5 < tan β < 60; sign(µ) = ±; 160 GeV < m top < 190 GeV;
As explained in the previous section, we allow for the possibility of negative m 2 0 . (We have checked, however, that this possibility does not have a strong impact on the general results outlined below, although it clearly can affect physics within individual models.) We impose constraints on negative squark and slepton running (mass) 2 
which implies the constraint 2m 2
The range allowed for A 0 was determined for each model by the requirement that there be no color-breaking global minima of the scalar potential at the electroweak scale in the
In addition, we required that there not be global color-breaking minima in the non-D-flat directions t L = 0 or t R = 0, in each case with all other VEVs vanishing. The latter requirements amount to approximately 
The constraints (3.3) and (3.4) effectively eliminate the possibility of a stop squark much lighter than m top with a small stop mixing angle, and thus limit certain combinations of the D-terms. In this study we do not allow the K i introduced in the previous section to vary because of the practical need to confine the scope of the investigations, although it would certainly be interesting to consider this. We should remark that the limits on the dimensionful parameters in (3.2) were motivated both by practical considerations (e.g. computer running time) and our theoretical prejudices. Some of the results below would have to be generalized if, for example, we allowed m 2 0 < −(200 GeV) 2 , or larger D-terms. With that caveat, we now proceed to see how the allowed supersymmetric spectrum is modified by the presence of D-terms.
Let us first consider the fate of some correlations between sparticle masses which may be taken for granted in the case of universal boundary conditions.
In Figure 4 , we show the allowed region in the (mẽ L , mẽ R ) plane for all models with universal boundary conditions (bounded by solid lines), and the additional region (bounded by dashed lines) allowed for all models with arbitrary D-terms. In the universal case, viable models lie within a fairly restricted wedge; in particular, mẽ L ≥ mẽ R holds as a general rule.
(If we relaxed the restriction m 1/2 < 400 GeV in our original choice of parameter space, the region allowed by universal boundary conditions would be enlarged for mẽ L > 280 GeV.) With D-terms present, mẽ R and mẽ L can each independently essentially saturate their lower limits. The lower limit on mẽ L in all models considered here is about 75 GeV; except for small tan β, this limit comes from the sneutrino contribution to the invisible width of the Z and the sum rule (3.1). As we saw from our examples A, B, and C, the slepton masses often (but certainly not always) set the limits on the D-terms. This time the correlation between the squark masses is much stronger than in Figure 6 , even for D-terms as large as allowed by other constraints. This can be easily understood from As remarked in section 2, large D-terms can also have a significant effect on the neutralino and chargino sectors, through their impact on the µ parameter as implied by (2.13).
In much of the allowed parameter space in the MSSM with universal boundary conditions, µ is large compared to M 2 so that the LSP (Ñ 1 ), the second-lightest neutralino (Ñ 2 ), and the lightest chargino (C 1 ) are usually gaugino-like. In Figure 9 , we show the allowed regions in the (µ, M 2 ) plane for universal scalar masses (within solid lines) and for non-zero D-terms (within dashed lines). In the latter case there is a substantial new region with relatively smaller µ. The region with µ ≫ M 2 is also enlarged. If we restricted ourselves to any particular fixed values of tan β and m top , the enlargement of the allowed region in the (µ, M 2 ) plane would be even more dramatic. We find that eq. (2.13) is usually a quite good indicator of the effect of the D-terms on µ, even with full one-loop radiative corrections in the Higgs sector taken into account.
In the MSSM, there is a well-known correlation between the masses of the lightest chargino and the second-lightest neutralino. In the limit that M Z /(µ ± M 1,2 ) is small, one finds [29] 
However, when |µ| ≈ M 2 , this expansion fails so that one might expect a rather different relation between these masses. In Figure 10 we show the allowed regions in the (mC is also always larger than 7 GeV (and in the vast majority of models we found it was larger than 15 GeV). In Figure 12 we show the allowed regions in the (mÑ Of course, there is no guarantee that the D-terms will be large enough to make their presence felt in comparison to the universal contributions to scalar masses from m 2 0 and gaugino loops. Furthermore, it is clear that a future observation of apparent scalar mass non-universality at M U may not be unambiguously ascribed to D-terms, without further theoretical input. Still, checks of relationships which hold in the MSSM between squark and slepton masses will provide an important clue to physics at very high energies. With experimental constraints imposed, we found that the impact of the D-terms might be most dramatic on squark and slepton mass relations [see, for example, eq. (2.15) and Fig. 7 ].
In several important respects, we found that deviations from the universal boundary conditions tend to be rather mild, especially when superpartners are relatively light. For example, we did not succeed in finding a viable model with non-zero D-terms for which R b was within 1σ of the present experimental value. We did find models at all values of tan β and m top for which sin 2 (β − α) was close to zero, in which case Higgs production through the usual Standard Model mechanism e + e − → Zh will be impossible to detect. However, this generally occurred only when the D-terms were quite close to their experimental bounds, except for large tan β. If scalar mass non-universality proves to be a phenomenological necessity, D-term contributions will be an attractive theoretical candidate, since they maintain the natural suppression of flavor-changing neutral currents. Figure 12 
